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The left–right asymmetry is an essential feature shared by vertebrates. Cilia-driven counterclockwise
ﬂow in the mammalian node structure leads to the left–right asymmetric distribution of signals and
subsequent asymmetric patterning. Although several signaling pathways have been identiﬁed in the
speciﬁcation of node ciliated cells, little is known about the direct downstream effectors of these
signaling pathways. Here, we showed that zebraﬁsh Ectoderm-Neural Cortex1-like (enc1l) is expressed in
the Kupffer’s Vesicle (KV), an equivalent structure of the mammalian node in zebraﬁsh, and is necessary
for KV ciliogenesis. Loss-of-function of enc1l increased the number and decreased the length of KV cilia.
The enc1l expression in the KV region was speciﬁcally regulated by retinoic acid (RA), FGF, and Wnt
signaling pathways. In addition, knocking down enc1l or ectopic enc1l expression was able to rescue the
KV cilium defects caused by alteration of RA and FGF signaling, but not Wnt signaling. Taken together,
these data indicate thatEnc1l is a direct downstream effector of RA and FGF signaling pathways and
modulates KV ciliogenesis in the zebraﬁsh embryo.
& 2013 Elsevier Inc. All rights reserved.Introduction
One of the key events during vertebrate development is the
transition of the embryonic body from bilateral symmetry to left–
right (LR) asymmetry. The internal organs in vertebrate embryo-
nic body, such as heart, liver, gut, and pancreas, show LR
asymmetry (Essner et al., 2005). Many mechanisms involved in
the regulation of the laterality in various species have been
elucidated, including Ca2þ signaling, motor proteins, ion chan-
nels, and cilia. The LR asymmetric pattern of the internal organs is
conserved among species (Vandenberg and Levin, 2009). Defects
in LR asymmetry can produce severe defects in vertebrates. For
example, one type of LR asymmetry defect, referred as Situs
ambiguus, often causes a very severe congenital disease in
humans (Huang et al., 2011b).
The ﬂuid ﬂow in the node structure is responsible for breaking
the LR symmetry in mouse embryos (Shiratori and Hamada, 2006).
The equivalent structure of the mammal node is the Kupffer’s
Vesicle (KV) in zebraﬁsh, the gastrocoel roof plate in Xenopus, and
the Hensen’s node in chicken (Gao et al., 2011). In zebraﬁsh
embryos, KV and barrier-like structure of the midline plays a central
role in establishing and maintaining molecular and organ asymme-
tries. Zebraﬁsh KV is derived from dorsal forerunner cells (DFC),ll rights reserved.which migrate toward the vegetal pole to form a compact cluster at
the bud stage. They then form the KV structure through rapid
epithelialization and ciliogenesis during early somitogenesis
(Brummett and Dumont, 1978; Kimmel et al., 1995; Melby et al.,
1996; Oteiza et al., 2008). KV cilia rotate in a counter-clockwise
direction, generate a ﬂuid ﬂow in the same direction leading to the
asymmetric expression of Nodal-associated genes, such as spaw,
lefty1, lefty2, and pitx2 (Essner et al., 2005; Hirokawa et al., 2006;
Kramer-Zucker et al., 2005; Shiratori and Hamada, 2006) and
asymmetric organ distribution in zebraﬁsh embryos. Defects in KV
ciliogenesis result in disturbed ﬂuid ﬂow, which consequently
induces the random expression of Nodal signaling molecules and
perturbs asymmetric organ distribution in zebraﬁsh embryos
(Marszalek et al., 1999; Murcia et al., 2000; Nonaka et al., 1998;
Supp et al., 1999).
Several signals have been identiﬁed that regulate the speciﬁ-
cation of ciliated cells in zebraﬁsh KV. Knockdown of the t-box
transcription factors, ntl and tbx16, leads to the absence of ciliated
epithelial cells and disrupts KV lumen formation (Amack and
Yost, 2004). Fibroblast growth factor (FGF) pathway also regulates
the LR asymmetry in zebraﬁsh. In the ace/fgf8 mutant, there is a
defect in KV morphogenesis and a disruption in the LR asym-
metric visceral organs (Albertson and Yelick, 2005). Furthermore,
the FGF8/FGF24-FGFR1 signaling pathway has been shown to
regulate the length of the KV cilia (Hong and Dawid, 2009; Liu
et al., 2011;Neugebauer et al., 2009). The Wnt/b-catenin signaling
Fig. 1. Enc1l expression pattern analysis in zebraﬁsh. (A) RT-PCR reveals that enc1l
is expressed throughout embryonic developmental stages. (B–M) In situ hybridi-
zation shows the expression pattern of enc1l during embryonic development.
Images of (B) the 1-cell stage and (C) sphere stage show that enc1l is ubiquitously
distributed before the gastrula stage. (D, E): In 75% epiboly, enc1l is expressed in
the prechordal plate and dorsal forerunner cells. (F): enc1l is expressed in the
prechordal plate and the tail bud in the bud stage. (G–I): enc1l is expressed in the
6-somites stage. (G): enc1l is expressed in developing somites, otic primordium,
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of LR asymmetry. Inhibition of Wnt signaling by injection of
wnt8a and wnt3a morpholinos causes defects in the speciﬁcation
of ciliated cells in the KV structure and randomizes organ
locations and left-side gene expression (Lin and Xu, 2009). More-
over, Wnt/b-catenin signaling directly regulates KV ciliogenesis in
zebraﬁsh (Caron et al., 2011). Inhibition of RA signaling can cause
bilateral expression of spaw by increasing cilia length and causing
a defect in leftward nodal ﬂuid ﬂow. In addition, FGF8 is required
for the control of cilia length by RA signaling (Huang et al.,
2011b). Although various signals that control the speciﬁcation of
ciliated cells in KV have been identiﬁed, the downstream effectors
and the interaction among these signals in LR asymmetry remain
to be elucidated.
Ectoderm-Neural Cortex 1(enc1) was identiﬁed in the mouse
nerve system and is believed to be involved in neural and
adipocyte differentiation (Hernandez et al., 1997). Overexpression
of Enc1 in PC12 cells induces neurite outgrowth and neural
differentiation in vitro (Kim et al., 1998, 2005). However, little is
known about the in vivo function of Enc1. Here, we used zebraﬁsh
as a model system to study the developmental function of Enc1.
Through a blast search and sequence alignment, we found that
the zebraﬁsh genome has two Enc1 orthologs, Enc1 and Enc1-like
(Enc1l). By whole mount in situ hybridization, we studied the
expression pattern of both genes in zebraﬁsh embryonic devel-
opment and found that Enc1l, but not Enc1, was highly expressed
in neural tissue, which is similar to the reported expression
pattern of mouse Enc1. Knockdown of enc1lexpression induced
randomized molecule and organ localization, including the
expressing pattern of the spaw gene as well as the location of
the heart, liver, and pancreas. A detailed analysis revealed that the
number of KV cilia increased and the length of cilia decreased. The
defects resulted in irregular nodal ﬂuid ﬂow in Enc1l-disrupted
embryos. Moreover, enc1l expression level was regulated by RA,
FGF, Wnt, and Ntl signaling speciﬁcally in the KV structure, but
not in the prechordal plate. Rescue experiments showed that
Enc1l functioned as a downstream effector of RA and FGF
signaling for KV ciliogenesis. Together, these data indicate that
Enc1l function as an important effector of RA and FGF signaling to
control KV ciliogenesis and LR asymmetry in zebraﬁsh embryos.and the tail bud. (H): A ventral view shows that enc1l is expressed in the Kupffer’s
vesicle (KV). (I): A dorsal view of a ﬂat-mounted tailbud shows that enc1l is
expressed in the KV. (J): In 24hpf, enc1l is mainly expressed in the hindbrain,
spinal cord, optic vesicles, and pronephric duct. (K): In 2dpf, enc1l is mainly
expressed in the brain and retina. (L, M): enc1l is expressed in retina, brain, and
endodermal organs at 3dpf. pp: prechordal plate; kv: Kupffer’s vesicle; DFC: dorsal
forerunner cells; s: somites; tb: tail bud; op: otic primordium; pc: pronephric
duct; hb: hind brain; r: retina; sc: spinal cord.Results
Enc1l is maternally and zygotically expressed in zebraﬁsh embryos
The zebraﬁsh was used as a model system to investigate the
function of Enc1 in early development. A blast search was per-
formed to identify Enc1orthologs, and two similar orthologs, Enc1
and Enc1l, were found in the zebraﬁsh genome (Fig. S1A and B).
According to the expression pattern, enc1l, but not enc1, is highly
expressed in zebraﬁsh neural tissue, which is similar to the
reported expression pattern of mouse enc1 (Hernandez et al.,
1997). Therefore, we chose to study enc1l during early embryogen-
esis. The temporal and spatial enc1l expression patterns were
examined during zebraﬁsh embryonic development using semi-
quantitative reverse transcription-polymerase chain reaction
(sqRT-PCR) and whole mount in situ hybridization (WISH). Enc1l
mRNA was detected during all stages studied. Moreover, the enc1l
expression level was higher at the 5–10 somite stage (ss) than the
other stages. These results indicated that enc1l is both maternally
and zygotically expressed (Fig. 1A).
WISH analysis revealed that the maternal enc1l mRNA was
ubiquitously distributed before the gastrula stage (Fig. 1B, C) and
zygotic enc1lmRNA became restricted to the prechordal plate and
the dorsal forerunner cells from the late gastrulation stageonward (Fig. 1D, E). At the tail bud stage, encl1 was expressed
in the prechordal plate and the tail bud (Fig. 1F). At the 5–10 ss,
enc1l mRNA was mainly detected in the tail bud, KV, developing
somite, and otic primordium (Fig. 1G–I). At 24 h post-fertilization
(hpf), enc1l was predominantly expressed in the nervous system,
especially in the hindbrain, spinal cord, optic vesicles, eyes,
pronephric duct, and tail (Fig. 1J). After 2 day post-fertilization
(dpf), enc1l mRNA was mainly detected in the retina, brain, and
endodermal organs (Fig. 1K–M). These results indicated that the
expression pattern of enc1l is highly dynamic and suggest that
Enc1l might function during early embryonic development.
Enc1l is required for LR asymmetric formation of zebraﬁsh organs
during embryonic development
As a ﬁrst step to investigate the developmental function of
Enc1l, we designed a speciﬁc morpholino oligonucleotide (MO)
that targeted the translational start site (enc1l-MO1). Enc1l-MO1
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injected into zebraﬁsh embryos at the one-cell stage (Fig. S2A).
Following injection of enc1l-MO1, we did not observe any obvious
phenotypes in early developmental processes, including dorso-
ventral patterning and gastrulation movements (data not shown).
WISH analysis indicated that enc1l was expressed in and around
the KV at the 6 ss (Fig. 1I), implying that Enc1l was associated with
LR patterning during zebraﬁsh embryonic development. Therefore,
we assessed if a reduction of Enc1l disturbed LR asymmetry
development. Since the heart is the most prominent indicator of
correct LR patterning in vertebrates (Gao et al., 2011), the zebraﬁsh
heart-speciﬁc marker gene, crip2 (Sun et al., 2008), was detected to
visualize the heart LR patterning. Injection of enc1l-MO1 caused
random laterality crip2 expression, where approximately 40% of
the morphants showed left-side crip2 expression, 30% middle
expression, and 30% right-side expression compared to control
embryos, which exhibited almost complete left-side crip2 expres-
sion. Similarly, the localization of other asymmetric organs, such as
the pancreas and liver, had randomized distribution in enc1l-MO1
injected embryos (Fig. 2A–C).
To conﬁrm the speciﬁcity of this phenotype, we designed two
additional MOs, one targeting one splicing donor site of the enc1l
transcript (enc1l-MOsp) and the other targeting the translational
start site with different sequences from enc1l-MO1 (enc1l-MO2).
We found that injection of enc1l-MOsp, which was designed to
block splicing of the second intron and consequently form a
shorter mRNA incapable of being translated into a functional
protein, led to abnormal reduction of enc1l mRNA rather than a
shorter mRNA (Fig. S2B). This observation could be due to the
degradation of abnormally spliced mRNAs. Importantly, embryos
injected with enc1l-MOsp or enc1l-MO2 exhibited defects in LR
asymmetry (Fig. S2C and D). Furthermore, ectopic expression of
enc1l mRNA signiﬁcantly rescued the phenotypes caused by the
MOs, suggesting the speciﬁcity of enc1l knock down phenotypes
(Fig. 2A, C). Taken together, Enc1l is essential for visceral organ
LR asymmetric formation during zebraﬁsh early embryonic
development.
Knockdown of Enc1l causes randomized expression of left-side gene
Since Enc1l is essential for asymmetric organ development in
zebraﬁsh, we sought to dissect the exact developmental stage at
which Enc1l functioned. In zebraﬁsh, the ﬁrst asymmetrically
expressed gene in the lateral plate mesoderm (LPM) is the left-
side nodal-related gene spaw, which is expressed at 15–18 ss
(Long et al., 2003; Wang et al., 2011). In enc1l-MO-injected
embryos, the expression pattern of spaw at 16 ss was approxi-
mately 53% bilateral and 4% on the right-side. In contrast, almost
all control-MO injected embryos showed left-side expression of
spaw (Fig. 2D). Since bilateral expression of the left-side nodal-
related gene spaw can result from defects of the embryo midline
(Bisgrove et al., 2000; Huang et al., 2011a), we detected the
midline structure using the midline marker ntl. The results
showed that the midline appeared normal (Fig. S3B). These results
indicated that Enc1l is able to modulate the asymmetric nodal
spaw expression pattern, and that the phenotype was indepen-
dent of midline formation, suggesting that Enc1l functions at an
early stage during LR asymmetric development.
Enc1l is essential for ciliogenesis and asymmetric nodal ﬂow in the KV
KV formation and ciliogenesis are very important for establish-
ing the left-side nodal signal and initiating LR asymmetry
(Kawakami et al., 2005; Kramer-Zucker et al., 2005). Moreover,
enc1l is speciﬁcally expressed in the KV region. Therefore, it is
reasonable to hypothesize that Enc1l may function in KVformation, ciliogenesis, or cilia motility. First, we determined
whether KV formation was interrupted in the Enc1l disrupted
embryos. At the 3 ss, which is the stage when KV becomes visible,
as well as subsequent stages, we did not observe any obvious
alteration in the KV morphology in enc1l-MO injected embryos. In
addition, we did not observe obvious alteration in the expression
of the KV-speciﬁc gene, sox32 (Fig. S3A). Next, we used an anti-
acetylated tubulin antibody to visualize the KV cilia in order to
determine if ciliogenesis was disturbed in enc1l morphants.
Compared to control-MO injected embryos, enc1l-MO injected
embryos exhibited an increase in the number of cilia in their KV.
The length of the cilia in enc1l morphants was much shorter than
that in control embryos. In control-MO injected embryos, the
number of KV cilia was approximately 4575 per embryo, while
in enc1l-MO injected embryos, the number increased to 6375 per
embryo. The length of cilia was 5 mm (range: 4.5–5.5 mm) in
control embryos and 3.2 mm (range: 2.1–4 mm) in enc1l mor-
phants (Fig. 3A, B, E, and F). In addition, injection of enc1l mRNA
was able to rescue the cilia phenotypes caused by enc1l-MO
(Fig. 3C–F). We also targeted the KV structure by injecting the
MO1 at the 1000-cell stage (EMO1–1K), since it has been shown
that MOs injected at this stage can be absorbed by the KV cells
(May-Simera et al., 2010). We found that these embryos showed
similar phenotypes to embryos that received enc1l-MO1 at the
one-cell stage (Fig. 3D–F). To further investigate whether the
increased number of cilia was due to the increase of cell number
in KV, we used phalloidin and DAPI to stain the cell membrane
and nucleus, respectively. We counted number of nuclei in KV and
found that the cell number did not increased in enc1l-MO injected
embryos compared to control embryos (Fig. S3G). We postulated
that some KV epithelial cells in enc1l-MO injected embryos had
more than one cilium. This may be related to improper tubulin
organization because we found that Encl1 co-localized and inter-
acted with ace-tubulin through its N-terminal domain (unpub-
lished data). Together, these results indicated that Enc1l
functioned in KV ciliogenesis, but was not involved in KV
morphology during zebraﬁsh embryonic development.
In addition to being expressed in KV, enc1l is also expressed in
other tissues with motile cilia, including the spinal cord, otic
vesicles, and pronephric ducts. Therefore, we determined whether
ciliogenesis in these tissues was also disrupted in enc1l-MO
injected embryos. As expected, the length of cilia in spinal cord,
otic vesicles, and pronephric ducts was also decreased in enc1l-
MO injected embryos ( Fig. S5E–M). These results demonstrated
that Enc1l not only modulated ciliogenesis in the KV structure,
but also regulated ciliogenesis in spinal cord, otic vesicles, and
pronephric ducts.
Since nodal ﬂow generated by cilia rotation plays a funda-
mental role in LR asymmetric patterning, we examined whether
nodal ﬂow was altered in enc1l morphants by tracking the
movement of ﬂuorescent beads injected into the KV lumen. In
control-MO injected embryos, ﬂuorescent beads showed a con-
sistent counterclockwise directional ﬂow (SMovie1, Fig. 3G–I). In
contrast, beads in enc1l-MO injected embryos had no consistent
directional ﬂow (SMovie2, Fig. 3J–L). These results indicated that
Enc1l controls left–right asymmetric patterning by regulating
ciliogenesis and subsequently the nodal ﬂow in the KV.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2012.11.022.
Enc1l expression is controlled by RA, FGF, and Wnt signals as well
as Ntl in the KV of zebraﬁsh embryos
Several signaling pathways and transcription factors had been
identiﬁed that control the speciﬁcation, morphogenesis, and
ciliogenesis of zebraﬁsh KV, including FGF, RA, and Wnt signaling,
Fig. 2. Enc1l is required for zebraﬁsh left-side gene spaw and organs LR asymmetric formation. (A) Expression of crip2, a marker for heart, as well as the statistical graph
indicate that 40%, 30%, and 30% of enc1l-MO1 embryos show that the heart position is on the left-side, middle, and right-side, respectively. The phonotype caused by
knockdown of enc1l can be rescued by enc1-mRNA. (B): The liver marker cp and the statistical graph show that disruption of the liver in enc1lmorphants cause 57.4%, 13%,
24.1%, and 5.5% of the morphants to have the liver positioned on the left, middle, right, and both positions, respectively. (C): P48:GFP transgenic ﬁsh and the statistical
graph show that 42.4%, 18.1%, and 39.5% of the morphants have left, middle, and right-side pancreas, respectively. The phonotype caused by knockdown of enc1l can be
rescued by enc1-mRNA. (D) WISH and the statistical graph show that approximately 53% of the morphants have bilateral and 4% of the morphants have right-side
expression of spaw. nn:0.005opo0.01; nnn: po0.005.
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Fig. 3. Enc1l is essential for KV ciliogenesis and KV function. (A–F) Anti-acetylated tubulin antibody is used to visualize the cilia in KV. (A) Control embryos, (B) enc1l-MO1
is injected at 1-cell stage, (C) enc1l-MO1 and enc1l-mRNA are co-injected at 1-cell stage. (D) enc1l-MO1 is injected at the 1000-cell stage (EMO1-1K). (E, F) Statistical graphs
show the decrease in cilium length and increase in cilium number. (G–L): Enc1l is required for counterclockwise nodal ﬂuid ﬂow. (G–I) Still images from control-MO
embryos and (J–L) enc1l-MO injected embryos. These images are taken from supplement Movie1 and 2, respectively. (G, J): Fluorescent beads in the KV. (H, K): The KV
structure from the DIC image. (I, L): Trajectory of the ﬂuorescent beads in KV. nn70.005opo0.01; nnn7 po0.005.
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expressed in the zebraﬁsh KV and functioned in ciliogenesis of
the KV, we sought to determine which signal was required for
enc1l expression in the KV domain. Analysis of the genomic DNA
sequence revealed that the enc1l locus contains multiple DNA
responsive elements to RA and Wnt signaling as well as the Ntl
transcription factor. To test whether enc1l was indeed regulated
by these signals in vivo, we assessed the expression of enc1l in
embryos with knockdown or overexpression of these signals.
Compared to the control embryos (Fig. 4A), the expression of
enc1l in the KV and ventral germ ring, but not the prechordal
plate, was reduced by inhibition of FGF signaling with the FGF
receptor1 (Fgfr1) inhibitor, SU5402, or fgfr1-MO (Fig. 4B, C).
Moreover, ectopic expression of fgf8 mRNA strongly enhanced
enc1l mRNA expression in the KV region (Fig. 4D). These results
suggest that FGF signaling is required for enc1l expression in the
KV. Similarly, the expression of enc1l in both the ventral germ ring
and KV regions was dramatically reduced in RA-treated embryos,
while treatment with the RA inhibitor diethylaminobenzaldehyde
(DEAB) increased enc1l expression levels (Fig. 4E, F). Inhibition of
canonical Wnt signaling by injection of wnt8-MO reduced the
expression of enc1l in the ventral germ ring and KV regions
(Fig. 4G). On the other hand, treatment with LiCl or wnt8 mRNA,which enhanced the activity of canonical Wnt signaling, increased
enc1l expression levels in the ventral germ ring and KV domains
(Fig. 4H, I). A reduction of enc1l expression was also observed in
ntl-MO injected embryos (Fig. 4J). These results indicated that
FGF, RA, and Wnt signaling as well as Ntl activity are required for
the enc1l expression in both the ventral germ ring and KV
domains, suggesting that the mechanisms involved in transcrip-
tional control of enc1l are complicated.
We next studied the interactions among these signals in
regulating KV expression of enc1l. We injected zebraﬁsh embryos
with fgfr1-MO or fgf8mRNA and then treated them with RA or RA
inhibitors. Treatment with fgfr1-MO or fgf8-mRNA was unable to
rescue the decreased enc1l expression level induced by the
activation of RA (Fig. 4K, L). On the other hand, fgfr1-MO was
able to partially reduce the increased enc1l mRNA levels caused
by the inhibition of RA signaling (Fig. 4M). Wnt8-MO injection
was also able to reduce the increased enc1l mRNA levels in the
embryos with RA signaling inhibition (Fig. 4O). Over expression of
Wnt signaling by injection of wnt8-mRNA did not affect enc1l
expression in embryos with RA inhibtition (Fig. 4P). These results
indicated that RA signaling acts as a major repressor of enc1l
mRNA expression and that FGF and Wnt signaling act as activa-
tors of enc1l mRNA expression.
Fig. 4. Enc1l expression is controlled by RA, FGF, and Wnt signaling in the KV of zebraﬁsh embryos. The embryos were stained at the bud stage. (A): In control embryos,
enc1l is expressed in the KV. (B, C) In fgfr1-MO injected or SU5402-treated embryos, the expression of enc1l in KV is reduced compared to control. (D): The enc1l expression
level in KV is increased by over-expression of fgf8-mRNA. (E): The enc1l expression level is reduced in RA-treated embryos. (F): The enc1l expression level is increased by
DEAB treatment. (G): Injection of wnt8-MO reduces enc1l expression in the KV. (H): Treatment with LiCl, which increases canonical Wnt signaling, increases enc1l
expression level. (I): Overexpression of wnt8-mRNA increases enc1l expression. (J): Injection of ntl-MO can reduce the enc1l expression level. Up- (L) and down-
(K) regulation of FGF signaling has no effect on RA-treated embryos; however, in DEAB-treated embryos, the down-regulation of FGF signaling (M) can restore the enc1l
expression level, though the up-regulation of FGF signaling (N) has no affect. In DEAB-treated embryos, injection of wnt8-MO (O) or wnt8-mRNA (P) restores enc1l
expression. The number of the representative phenotype embryos versus the number of total analyzed embryosis shown at the top of the right-hand corner of the picture.
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The above data showed that Ntl is required for the enc1l
expression in and around the KV structure. However, Ntl activity
controls KV speciﬁcation and morphological formation during
embryonic development. Enc1l had been shown to control KV
ciliogenesis, but not morphogenesis, suggesting that Enc1l was
not an essential effector of Ntl controlling KV formation. There-
fore, we examined the functional relationship between Enc1l and
RA, FGF, or Wnt8 signaling pathways during KV ciliogenesis and
LR asymmetric development. First, the embryos injected with
enc1l-MO or enc1l mRNA were treated with the FGF antagonist
SU5402 or DMSO. Ciliogenesis in the KV structure was deter-
mined in these embryos at 6 ss. We found that the length of cilia
was decreased in SU5402-treated embryos, and injection of enc1l
mRNA could rescue this phenotype. KV cilia of the embryos
treated with both enc1l-MO and SU5402 had a similar length as
those in embryos treated with enc1l-MO or SU5402 alone. Inaddition, there was no difference in the number of KV cilia in
SU5402-treated embryos compared to the control. Importantly,
SU5402 treatment did not alter the cilium number in the KV
domain of the enc1l-MO or enc1l-mRNA-injected embryos (Fig. 5;
Fig. S4I–K). We next determined the location of the heart and liver
in SU5402-treated embryos and found that enc1l mRNA over-
expression was able to rescue the phonotypes caused by SU5402
(Fig. 6). To understand the relationship between enc1l and fgfr1,
which is the major player controlling embryonic LR asymmetry in
the FGF signal pathway, we examined whether the fgfr1 expres-
sion was perturbed in the KV in enc1l-MO injected embryos. The
in situ hybridization showed that the fgfr1 expression level was
not changed in enc1l-MO injected embryos compared to control
embryos (Fig. S5C and D). Taken together, these results demon-
strated that Enc1l acts as a downstream effector of FGF signaling
to modulate the length of KV cilia.
Embryos treated with exogenous RA exhibited a decreased
length of KV cilia, which could be rescued by injection of enc1l
mRNA (Fig. 5, Fig. S4D–F). The disturbed locations of the heart and
Fig. 5. A statistical graph of the cilia number and length shows that Enc1l functions as a downstream effector of RA and FGF. (A) Statistical graph of cilia number and
(B) Statistical graph of cilia length. The statistical method used is a Student’s t-test. n770.01opo0.05; nn70.005opo0.01;7 nnn7 po0.005.
M. Qian et al. / Developmental Biology 374 (2013) 85–95 91liver in RA-treated embryos were also partially rescued by enc1l
mRNA injection (Fig. 6). Therefore, these results indicated that
Enc1l is also a downstream target of RA pathway.
Finally, injection of wnt8-MO could reduce the length of cilia.
The cilium length of embryos co-injected with wnt8-MO and
enc1l-MO were shorter than that of embryos receiving wnt8-MOalone, but were not different from that of enc1l-MO injected
embryos. Moreover, co-injection of enc1l mRNA with wnt8 MO
decreased the cilia length compared to embryos injected with
enc1l mRNA alone, but showed no difference in cilia length
compared to wnt8 morphants. Injection with wnt8-MO also
reduced the number of KV cilia. Co-injection of enc1l-MO1 or
Fig. 6. Organ LR asymmetric pattern shows that Enc1l functions as a downstream effector of RA and FGF signaling. (A) Knockdown of Encl1 shows L-loop, midline, and
R-loop heart at 52phf. The embryos treated with SU5402 or RA also show disrupted LR asymmetry of the heart, which can be rescued by injected with encl1mRNA. (B) The
embryos treated with SU5402 or RA show disrupted LR asymmetry of liver at 72hpf, which can be rescued by injection with encl1 mRNA. The second line is the
ﬂuorescence images that only shows the liver LR asymmetric pattern. (C) Statistical graph of the heart location and (D) Statistical graph of the liver location. L: left side;
R: right side.
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compared to embryos receiving a wnt8-MO injection alone. On
the other hand, embryos co-injected with wnt8-MO and enc1l-MO
rescued the number of cilia observed in the embryos receiving an
enc1l-MO injection alone (Fig. 5, Fig. S4L–N). Injection of wnt8
mRNA alone did not alter the number or the length of the cilia
compared to control embryos, and embryos co-injected with
enc1l-mRNA and wnt8-mRNA showed no difference compared to
embryos receiving wnt8-mRNA alone. However, the altered num-
ber and length of KV cilia by enc1l-MO injection were restored by
co-injection of wnt8-mRNAand enc1l-MO (Fig. 5, Fig. S4O–Q). To
further understand the relationship between enc1l and wnt8, we
tested the expression level of wnt8 in enc1l-disrupted embryos
and found that knockdown of enc1l expression did not alter wnt8
expression level (Fig. S5A–B). Taken together, these results showthat the activity of Wnt modulates the number and length of KV
cilia independent of Enc1l in zebraﬁsh embryos and suggest that
Wnt signals affect additional effectors to control the number and
length of KV cilia for LR asymmetric development.
In summary, the ﬁndings presented here indicated that Enc1l
integrates RA and FGF signals to control the number and length of
cilia during KV ciliogenesis and LR asymmetric development in
zebraﬁsh embryos. We identiﬁed that disruption of Enc1l activity
induce ciliogenesis defects in the KV structure, spinal cord, otic
vesicles, and pronephric ducts. Furthermore, we found that the FGF
and RA signals control enc1l expression in the KV structure. Manip-
ulation of encl1expression rescued the defects caused by alteration of
FGF and RA pathways in KV ciliogenesis. Together, the data indicate
that Enc1l acts as a major effector of RA and FGF signaling to control
KV ciliogenesis (Fig. 7).
Fig. 7. Enc1l functions downstream of RA and FGF signaling pathways. The
schematic diagram shows that RA activation is the major repressor of enc1l
transcription. Enc1l integrates RA and FGF signaling pathways during ciliogenesis
in the KV for LR asymmetric development in zebraﬁsh embryos.
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There are two distinct classes of cilia. One is called motile cilia,
which contain the left–right dynein protein (Lrd) and generate
leftward ﬂuid ﬂow. The other is called non-motile cilia, which
are comprised of left–right dynein-negative cilia and function as
mechanosensors (Kato, 2011; McGrath et al., 2003; Nonaka et al.,
1998; Satir and Christensen, 2007). Non-motile cilia typically
have a ring of nine outer microtubule doublets, which are
normally called the 9þ0 type. The motile cilia typically have
not only a ring of nine outer microtubule doublets, but also have
two central microtubule singlets, which are normally called the
9þ2 type (Hirokawa et al., 2006). However, in the mouse node,
the motile cilia have a 9þ0 conﬁguration (Nonaka et al., 1998).
The node is a well-conserved and transient structure that is
present during early vertebrate embryonic development
(Hirokawa et al., 2006). Recent studies on nodal ﬂuid ﬂow driven
by the embryonic node in the mouse (Nonaka et al., 1998) or the
KV in zebraﬁsh (Essner et al., 2005; Kramer-Zucker et al., 2005)
showed that the nodal ﬂuid ﬂow is a main contributor to LR
asymmetric development. Studies in human shave indicated that
proper cilia formation is critical for LR asymmetry (Marszalek
et al., 1999). Mutations in the left–right dynein genes, such as the
lrd gene, display LR asymmetry breaks and lateral organs (Supp
et al., 1999). In addition, reverse the intrinsic counterclockwise
ﬂuid ﬂow can also result in reversal of LR asymmetric organs
(Ibanes and Izpisua Belmonte, 2009; Nonaka et al., 2002). Taken
together, these previous studies indicated that ciliogenesis and
proper counterclockwise ﬂuid ﬂow are key factors in proper LR
asymmetric development.
Several signaling pathways have been reported to be involved
in the regulation of KV ciliogenesis and LR asymmetric develop-
ment, such as Nodal, FGF, RA, canonical Wnt, and non-canonical
Wnt signaling, as well as Ntl. Nodal signal is speciﬁcally activated
on the left side of the LPM and induces left-side expressing genes
in the mouse, such as lefty and pitx2,which are required for LR
asymmetric development (Kato, 2011). Speciﬁcation of KV seems
to be regulated by tbx transcription factors, because inhibition of
ntl and tbx16 results in nearly a complete loss of the KV structure
and the KV lineage-speciﬁc gene, sox17 (Amack and Yost, 2004).
FGF signaling is required for ciliogenesis, the length of cilia is
reduced in fgfr1morphants (Neugebauer et al., 2009). In addition,FGF signaling can activate secretion of nodal vesicular parcels
(NVPs), which contains SHH and RA (Tanaka et al., 2005).
Canonical Wnt signaling is essential for KV cilia formation, since
knockdown of wnt8 expression leads to shorter cilia compared to
control embryos (Lin and Xu, 2009). Inhibition of RA signaling
increases the cilia length and induces a defect in the ﬂuid ﬂow
direction in the KV of zebraﬁsh embryos (Huang et al., 2011b).
Although these studies have elucidated signals required for KV
speciﬁcation or function and consistent lateralization of internal
organs, the precise function of these signals remains to be
elucidated. For example, it is currently unknown how these
signals regulate KV ciliogenesis. Moreover,the mechanism by
which these signals cooperate with each other to regulate LR
asymmetry is poorly understood. In this study, we identiﬁed a
novel effector, Enc1l, integrates the RA and FGF signaling path-
ways in controlling KV ciliogenesis in the LR asymmetric devel-
opment of zebraﬁsh embryos.
Here, we found that enc1l is expressed in the KV structure in
embryos. Moreover, Enc1l controls the number and length of cilia
during KV ciliogenesis for LR asymmetric development in zebra-
ﬁsh embryos. Further analyses revealed that Enc1l integrates the
RA and FGF signaling pathways to control the number and length
of cilia during KV ciliogenesis. FGF and Wnt signaling dramati-
cally stimulated enc1l transcription in the KV region. In the other
regions of the embryo, enc1l transcription is not dependent on the
activation of FGF and Wnt signaling, suggesting that FGF and Wnt
signaling pathways speciﬁcally control enc1l transcription and
serve as activators of enc1l expression. On the other hand, RA
activation strongly repressed enc1l expression, speciﬁcally in the
KV region of zebraﬁsh embryos. We also observed that the
repressive activities of RA were able to block enc1l transcriptional
activation induced by the ectopic expression of fgf8-mRNA. More-
over, FGF and Wnt signaling-induced enc1l-mRNA expression was
dependent on the reduction of RA activation. These ﬁndings
indicate that RA activation is the major repressor of enc1l
transcription. In addition, enc1l-mRNA expression is dependent
on the cross talk between RA, FGF, and Wnt signaling pathways in
the KV region of zebraﬁsh embryos.
Functional analyses showed that activation of RA signaling
induced defects in the KV cilia. Manipulation of enc1l was able to
rescue the defects induced by the alteration in RA signals. These
data indicate that Enc1l is an effector of the RA pathway. Enc1l
expression also rescued defects in cilia that were induced by
inhibiting FGF signaling. Although we observed that a reduction
in FGF signaling only induced defects in the length of KV cilia,
previous publications have shown that substantial or complete
inhibition of FGF signaling can cause defects in the number and
length of KV cilia (Hong and Dawid, 2009), suggesting that this
pathway controls both the number and length of cilia during KV
ciliogenesis. FGF signaling not only controlled cilium formation in
the KV region, but also displayed essential roles during embryonic
development. Substantial inhibition of FGF signaling induced
severe defects in embryos and blocked embryonic development.
In our experiments, we only partially blocked FGF signaling in
order to obtain viable embryos, and this may be the reason why
we only observed a decrease in cilium length. Taken together, we
conclude that Enc1l also acts as a major effector of FGF and RA
signaling and controls the length of cilia during KV ciliogenesis in
zebraﬁsh embryos.
We also found that the Wnt signaling pathway controls the
number and length of KV cilia. These results are consistent with
the Wnt functions in KV ciliogenesis described in previous
publications (Caron et al., 2012). Here, we found that enc1l
manipulation could not rescue the defects caused by disturbances
in Wnt signaling, and knockdown of enc1l did not affect the Wnt8
expression level in KV. Injection of enc1l-MO caused shorter KV
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phants. The ectopic expression of enc1l-mRNA was also unable to
rescue the defects in cilia length and number caused by Wnt
signaling disruption. These ﬁndings suggest that Enc1l may not be
a major effector of the Wnt signaling pathway, although we found
that Wnt signaling controls enc1l expression. The Wnt signaling
pathway appears to stimulate other important factors that are
required for the regulation of KV cilium length and number in
zebraﬁsh embryos. Additional experiments are required to iden-
tify the factors regulated by Wnt signaling that control KV
ciliogenesis in LR asymmetry during embryonic development
and to understand how Enc1l controls the formation of cilia in
the KV region of zebraﬁsh embryos.Experimental procedures
Zebraﬁsh strains
Wild-type and transgenic zebraﬁsh strains were raised under
standard laboratory conditions and procedures. Embryos were
staged according to Kimmel (Kimmel et al., 1995).
Whole-mount in situ hybridization (WISH)
Single-color in situ hybridization was performed as previously
described (Thisse and Thisse, 2008). The probes enc1l, spaw, crip2,
and cp were used.
Morpholino and mRNA injection
Antisense morpholino oligonucleotides (MOs) against
fgfr1(Neugebauer et al., 2009), wnt8, ntl, and enc1l (enc1l-MO1:
TTGAACTTATTTCTTTTCCACGCGC enc1l-MO2:GGACTTGAACGGTA-
TTCATTCGACT, enc1l-MOsp: CTACACTGGACAATACTCACCAAAT)
were obtained from Gene Tools, LLC (Philomath, OR, USA). The
mRNAs, which were capped with an AAA tail, were synthesized
in vitro using the T7 mMESSAGEmMACHINE kit (Ambion) and the
pcDNA3.1, pcDNA3.1-enc1l, pcDNA3.1-wnt8b, and pcDNA3.1-fgf8
plasmids. The mRNAs and MOs were injected into the yolk at the
1-cell stage. A volume of 1 nl was injected into embryos contain-
ing 8 ng enc1l-MO1, 8 ng enc1l-MO2, 8 ng enc1l-MOsp, 3.5 ng
wnt8-MO, 4 ng fgfr1-MO, and 4 ng ntl-MO. The embryos were
detected at different stages. To conﬁrm the results that enc1l-MO
affects KV ciliogenesis, we injected the enc1l-MO into the yolk at
the 1000-cell stage (Amack and Yost, 2004).
DEAB, RA, and SU5402 treatment of zebraﬁsh
RA, DEAB and SU5402 were resuspended in DMSO. DEAB was
diluted in ﬁsh water to a concentration of 10 mM, RA was diluted
to a concentration of 107 M, and SU5402 was diluted to a
concentration of 20 mM. The embryos were treated at shield stage
and washed out at the 6 ss. The experiments were performed as
previously described (Neugebauer et al., 2009).
Antibody staining
KV cilia were detected by immunostaining using an anti-
acetylated tubulin (Sigma-Aldrich, USA) monoclonal antibody as
previously described (Caron et al., 2012). The cilia were then
viewed on a ﬂuorescence microscope and the number and
length were analyzed by Axio Vision software. The p value was
analyzed using a two-tailed t-test. Phalloidin was resuspended
in DMSO at a dilution of 1:600 with phosphate-buffered saline
(PBS). For the three staining experiment with cilia, phalloidin, and40,6-diamidino-2-phenylindole (DAPI), the embryos were ﬁxed in
4% paraformaldehyde for 4–6 h at 41 C, washed in PBS, pH 7.4, for
5 min, then washed in dH2O for 5 min and frozen in acetone at
201 C for 7 min to permeabilize the embryos. After permeabi-
lization, the embryos were washed in dH2O for 5 min and then
washed in PBS for 5 min. The non-speciﬁc binding sites were then
blocked by incubating the samples with 2% normal goat serum in
PBS/BSA/DMSO for 30 min, followed by an incubation with anti-
ace-tubulin (1:600) antibody overnight at 4 1C. The next day, the
embryos were washed with PBSþ0.1% Tween-20 (PBST)) ﬁve
times for 10 min each, and then mixed with secondary antibody
and phalloidin in the dark for 1 h at room temperature (RT). The
samples were then washed as described above in PBST, treated
with DAPI (1:4000) diluted with PBST for 3 min at RT, and washed
again with PBST as described above. The cell number was then
determined by counting the cells under the ﬂuorescence micro-
scope, and the embryos were imaged using the confocal laser
scanning microscope.
Fluid ﬂow observation
To detect KV ﬂuid ﬂow, we injected ﬂuorescent beads into
the KV structure at the 6–8 ss as previously described (Huang
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